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Abstract
This paper presents a model-based method to analyze the accuracy of Hardware-in-the-Loop (HiL) test rigs for mechatronic vehicle
axles. In the ﬁrst part of the method, the general HiL system structure is investigated and appropriate assessment criteria are deﬁned.
Subsequently, dynamic models of all subsystems are developed. The analysis itself is performed in two steps. Firstly, the individual
subsystems are investigated. Secondly, the entire closed-loop system is analyzed according to the emulation ﬁdelity to a reference
system. The developed method is validated by its application to a HiL test rig for mechatronic vehicle axles.
c© 2016 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the organizing committee of SysInt 2016.
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1. Introduction
The increasing complexity of modern mechatronic systems leads to an increasing demand of eﬀective development
and testing methods. The automotive industry has high standards on testing procedures. Additionally, the demands
on development time and quality of mechatronic systems call for fast and ﬂexible test rigs in the laboratory. Often-
times, the interaction of all components of the mechatronic system, such as the mechanical structure, sensors and the
controlled actuators is of interest. In this context, the Hardware-in-the-Loop (HiL) simulation is well-established as a
powerful testing method. Within a HiL simulation, subsystems or assemblies of a larger mechatronic system can be
tested under realistic conditions in the laboratory. Synchronously, the rest of the system is simulated in parallel on a
real-time computer. The aim is the emulation of the dynamical behavior of the entire system. With HiL simulations,
testing costs, time expenses and security risks are reduced. Furthermore, the ﬂexibility and reproducibility increases,
as diﬀerent variants of virtual and physical subsystems can be examined. Regarding control engineering problems,
new control concepts can be tested and validated within a HiL simulation. Due to its advantages, the number of
realized HiL systems constantly increases as shown by an analysis in [1].
Industry and research applications of HiL systems indicate that HiL simulations can be realized in diﬀerent ways.
The power operation level can diﬀer as well as the number of physically present subsystems in the test rig [2].
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Regarding the power operation level, in principle, two variants exist. On the one hand, the interface between the
specimen and virtual subsystems on the real-time computer is at signal level. In the automotive sector, this HiL
variant is mainly used for the design and testing of electronic control units (ECU) [1]. On the other hand, a HiL test
rig can operate at power level. Here, mechanical or mechatronic subsystems of the larger emulated system are tested
and real loads, e.g. forces and torques, aﬀect the specimen while the remaining subsystems are simulated on a real-
time system. For the realization of such HiL systems, additional mechatronic systems (coupling systems) consisting
of controlled actuators, sensors and signal processing algorithms, are necessary, cf. Fig. 1. The design has to be carried
out carefully and requires a signiﬁcant higher accurateness in contrast to HiL systems at signal level [3].
Examples of HiL applications exist in diﬀerent domains. These include automotive/transportation systems [4–7],
aerospace [8,9], robotics [10], power applications [11,12] and manufacturing systems [13]. From literature review it
can be concluded that the design of HiL test rigs is mostly carried out problem-oriented and application-speciﬁc. So
far, no general formalisms or meaningful methods for the analysis and synthesis of HiL systems exist [13]. Further-
more, within a test rig, the dynamical behavior of the system under consideration can only be reproduced approxi-
mately, since the specimen, the environmental conditions or the input data diﬀer from those in reality. In particular,
this is problematic if the test rig is to be used in a HiL simulation. Within a HiL simulation, measured signals in the
test rig, such as loads or motion quantities, are fed into the simulation model, which then calculates the target signals
for the excitation units of the test rig. Hence, the HiL system constitutes a closep-loop system and incorrect measured
or computed values can possibly result in system instability, as well as damage of specimen and test rig devices. Per-
formance analyses in terms of emulation ﬁdelity, e.g. by means of quantiﬁable metrics, are often not provided [14].
In return, the interest in even larger and more complex HiL test rigs increases, for instance HiL test rigs which feature
spatial or multiaxial specimen excitation.
Currently, we develop a novel multiaxial test rig for mechatronic vehicle axles which can be used in HiL simula-
tions. In this paper, we present a method for the model-based accuracy analysis of such test rigs. The method focuses
on the above mentioned test rig simpliﬁcations. It is composed of diﬀerent steps to identify impact factors and can be
applied during HiL test rig development prior to its realization in the laboratory.
This paper is structured as follows: Section 2 presents the method for the model-based accuracy analysis of HiL
simulations. The individual steps of the method are explained in detail. In the beginning of section 3, the considered
application example is presented. Afterwards, the key steps of the method are applied and the obtained results are
discussed. A conclusion is provided in the last section.
2. Accuracy analysis of Hardware-in-the-Loop simulations
In this section, we present a method for the model-based accuracy analysis of HiL simulations which consists of
four steps. Within the method, we focus on the aforementioned system simpliﬁcations. Here, dynamical models of
the test rig form the basis. The accuracy analysis itself is carried out on two diﬀerent hierarchical levels and uses
system and control theoretic methods. Firstly, the individual subsystems, cf. Fig. 1, are analyzed. Secondly, the entire
real reference system 
device 
under test 
remaining 
subsystems  
HiL test rig 
device 
under test  
in test rig 
models of 
remaining 
subsystems  
real 
subsystems 
virtual 
subsystems 
coupling  
system 
Fig. 1. subsystems of the reference system and the HiL test rig
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HiL system is investigated in terms of dynamic equivalence, i.e. emulation ﬁdelity, to the reference system. Fig. 2
visualizes the method. Its particular steps are subsequently described in detail.
2.1. Identiﬁcation of system simpliﬁcations
At the beginning of the method the system structure of the planned HiL test rig has to be examined. This includes
all real and virtual subsystems and especially their interactions. This step is necessary to identify possible ﬂaws of the
desired HiL system structure according to its causality. Therefore, the analysis methods concerning the substructuring
of dynamic systems to be applicable for HiL simulations can be used, cf. [15,16].
The ﬁrst step also includes the deﬁnition of quantiﬁable numbers for the two diﬀerent analysis levels in step 3
and step 4. For HiL systems, this poses a challenging task, since emulation ﬁdelity depends on many factors or
key enablers as denoted in [3]. For the analysis of the inﬂuences of the individual subsystems on emulation ﬁdelity
(step 3), especially system and control theoretic methods can be applied. Due to the focus on single subsystems, the
respective dynamical models are rather simple in contrast to the model of the closed-loop HiL system or models of
the reference system. For the analysis of the entire HiL system, at ﬁrst, test maneuvers have to be deﬁned. Then, for
the speciﬁc application, the HiL system designer has to determine the required performance of the test rig. Generally,
the HiL system tries to emulate a real reference system, thus equivalent test maneuvers that are used for the reference
system can be applied for the HiL system, e.g. standardized test drive maneuvers with respective assessment criteria
or speciﬁc test rig experiments [17]. Besides these application-speciﬁc quality numbers, also formal approaches to
deﬁne emulation ﬁdelity can be used, e.g. the notion of transparency [18] or synchronization error [19].
2.2. Modeling of the dynamical behaviour of the HiL system
The proposed method requires dynamical models of all components which are necessary for a HiL simulation and
for the accuracy analysis of the planned HiL system. This includes models of the real subsystems, e.g. excitation units
and specimen, as well as models of the virtual subsystems. Additionally, to evaluate the accuracy of the planned HiL
system, models of the reference system have to be created as well. Thereby, diﬀerent requirements on modeling depth
can be identiﬁed. Amongst others, the models of the virtual subsystems have to be real-time capable. Furthermore,
the dynamical eﬀects of the specimen and the reference system have to be considered for the speciﬁc application.
For mechatronic system development, diﬀerent ways of modeling exist. Regarding physically motivated models,
two variants can basically be pointed out here. These are port-based and signal-oriented models that can be designed
with respective tools. During modeling, the quantities of interest, which shall be used for accuracy evaluation, have to
be considered. The respective subsystem in- and outputs result from the system structure that was identiﬁed in step 1.
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2.3. Analysis of inﬂuences for each subsystem
In the third step of the method the inﬂuences of the individual subsystems on emulation ﬁdelity are analyzed.
In this method, we focus on the subsystems of the coupling system, i.e. hardware and controllers of the excitation
units as well as test rig sensors. This also includes structural simpliﬁcations. Besides the structural properties of the
HiL system, the performance of the actuators and sensors is essential as well. Their design and selection have to
be accomplished carefully to enable HiL simulations to meet the speciﬁed frequency range. Moreover, the control
concept of the actuators mainly determines the dynamical performance in terms of bandwidth and phase. Naturally,
the modeling accuracy of the virtual subsystems, i.e. real-time models of the remainder of the reference system, makes
a contribution to the emulation ﬁdelity. As the models provide the target values for the controlled actuators, they have
to contain the dynamic eﬀects in the speciﬁed frequency range of interest.
In principle, in complex spatial test rigs, the specimen consists of a mechanical basic structure, which is connected
to the test rig frame at the points it would also be connected in the reference system. Ideally, actuators and sensors
at each coupling point, i.e. interfaces to the virtual subsystems, with all necessary degrees of freedom, are required.
However, due to costs or realization issues, loads on the specimen cannot or can only partially be introduced and
measured at some interfaces. For complex HiL systems, these structural simpliﬁcations are essential, as they restrict
the possible coupling with the virtual subsystems. Consequently, this instance inﬂuences the achievable HiL system
performance and the amount of possible application scenarios. The analysis of such eﬀects can be conducted in diﬀer-
ent ways which are explained subsequently. Firstly, the eﬀects of the actuation within the HiL system are considered.
Therefore, models of the specimen in its test rig frame, and models of the reference system that were already devel-
oped in step 2 are necessary. Depending on the complexity of the models, diﬀerent methods are appropriate. For
complex port-based models, e.g. multibody systems with a high number of bodies and nonlinearities, simulations
with characteristic excitations, that were deﬁned in step 1, are adequate. On the one hand, the simulation results can
be analyzed in the time domain. On the other hand, frequency domain analysis can be performed, e.g. by using the
Fourier transformation of the computed time signals. The advantage is that the eﬀects of limited actuation can be
assigned to speciﬁc frequency ranges. Oftentimes, the essential dynamic behavior of systems can be approximated
by reduced order or linear models. Especially, in vehicle dynamics, simple models for particular moving directions
are able to capture the main dynamic properties. Examples of this are quarter-car models for the vertical dynamics or
one-track models for lateral dynamics. For linear models, common methods of linear systems theory can be applied.
This includes the analysis of transfer functions, evaluation of mathematical norms or structural system quantities just
to name a few [20]. As mentioned above, optimal coupling of real and virtual subsystems also requires sensors at
each interface. Depending on the HiL system structure, this can result in motion or force sensors. In literature, there
exist diﬀerent methods for the identiﬁcation of optimal sensor placement for linear or nonlinear systems, e.g. with
energy-based system quantities [21].
2.4. Accuracy analysis for the entire HiL test rig
In the last step, the accuracy analysis of the entire HiL system in terms of dynamical equivalence to the reference
system is explained. As in the previous step, the comparison of simulation results in the time and frequency domain is
possible. Therefore, models of the HiL system and the reference are required. Generally, their modeling complexity
is very high, as they include models of all system components. The evaluation is based on the testing maneuvers and
respective assessment criteria that were deﬁned in step 1. Additionally, the aforementioned formal approaches for the
accuracy analysis of HiL simulations can be applied.
3. Application example: Hardware-in-the-loop test rig for vehicle axles
In this section, the proposed method is validated by an appropriate application example, i.e. the HiL test rig for
vehicle axles which is currently build up in the lab of the Heinz Nixdorf Institute at Paderborn University. Firstly, the
system overview and the HiL concept are described brieﬂy. Secondly, the key steps of the method are applied and
their obtained results are discussed.
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3.1. System overview and HiL concept
The HiL concept of the considered application example is visualized schematically in Fig. 3. It has already been
presented in detail in [22]. Here, only the main features that are of interest for method evaluation are presented.
The HiL system basically consists of the test rig and a real-time simulator. Within the test-rig, the vehicle axle
(MacPherson front axle) is connected to the test rig frame at those points it would also be connected to the vehicle
body. The bottom of the test rig is a vibration-isolated mounting plate to minimize unwanted oscillations that arise
from high-dynamic excitation. Two diﬀerent excitation units are used, which are connected to the axle’s left and right
wheel hubs. On the right hand side, we use an uniaxial hydraulic cylinder that reproduces the main road excitations
in the vertical direction. The key subsystem that enables spatial excitation of the specimen is the hydraulically driven
hexapod. It is connected with a wheel force transducer to the axle’s left wheel hub. This sensor measures the cut
forces and torques in all six degrees of freedom (DOF). The hexapod provides motion and force control as well
as hybrid position/force control, allowing independent motion and force commands in diﬀerent Cartesian moving
directions. The real-time simulator contains the environment models of the virtual subsystems, i.e. driver, vehicle,
tire and road models. These models compute the reference quantities, i.e. target forces or motion commands, for the
controllers of the excitation units that are implemented on the real-time system as well. Furthermore, the real-time
system computes state observation algorithms for the excitation units and evaluates sensor signals that are then fed
back into the environment models.
3.2. Method application and evaluation
Subsequently, the developed method is applied with the respective steps and the main results are pointed out.
According to step 1, the general HiL system structure should be identiﬁed. Therefore, the aforementioned notion of
substructuring can be used. The partitioning of the entire HiL system in its subsystems reveals two structural system
simpliﬁcations. Firstly, the uniaxial hydraulic cylinder only provides actuation in the vertical direction. Hence,
mainly the suspension compression can be controlled, whereas lateral forces and steering eﬀects are not considered.
Furthermore, the excitation units provide specimen actuation at the wheel hubs. Also, the respective interface sensors
are integrated at the wheel hubs. However, the specimen has further interfaces to the remainder of the system, i.e.
vehicle body, that are not actuated. Additionally, motion and load quantities are not measured directly.
After analyzing the HiL system structure, appropriate assessment criteria and testing maneuvers for the application
example are deﬁned. From the identiﬁcation of the structural simpliﬁcations, consequently the six dimensional motion
and load quantities at the interfaces can be used as assessment criteria. Moreover, to analyze the inﬂuences of sensor
placement, Hankel singular values (HSV) can be examined. For the analysis of the entire HiL system’s emulation
ﬁdelity diﬀerent quantities can be evaluated for the HiL system and for the reference system, e.g. control error of the
hexapod or motion quantities within the virtual subsystems.
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Fig. 3. HiL simulation setup for vehicle axles
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In the next step, appropriate models have to be established to perform the actual analysis according to step 3
and 4. Here, the main model properties are brieﬂy described. The reference system is a vehicle model that was
realized in MATLAB/Simulink’s integrated multibody simulation tool SimScape. It features a high number of DOF
and system nonlinearities, e.g. nonlinear tire dynamics. The test rig model was also modeled in SimScape. It consists
of multibody models of the hexapod and a MacPherson front axle. The hexapod model consists of 13 rigid bodies
and appropriate joints. The hydraulic properties are considered as well, see [22] for more information. The model of
the MacPherson axle (31 DOF) has a high modeling depth including realistic characteristic curves for the nonlinear
shock absorber with damper end stops as well as spatial elasticity properties of the axle’s joints.
In the third step, the individual subsystems are analyzed. Here, we provide analysis results of the structural simpli-
ﬁcations in the test rig. For the evaluation of control performance of the uncoupled hexapod we refer to [23]. Firstly,
the consequences of the rigid mounting of the axle to the test rig frame are investigated. For the sake of simplicity, we
only present results for the vertical moving direction, cf. [17]. In this case, the analysis can be performed well with
simpliﬁed quarter-car models. In Fig. 4 (a) the models of the reference system, i.e. vehicle model, as well as the axle
test rig model are visualized. Here, the suspension forces that arise in the MacPherson strut in the reference system
Fs and in the test rig Fˆs are of interest. Assuming harmonic excitation by a position- or force-controlled actuator, the
ratio of suspension forces in the reference system and the test rig can be determined, e.g. by simulation results. For
the application example, the suspension force ratio is depicted in Fig. 4 (b). It can be concluded that the increase of
vertical suspension force has a maximum at approximately 5Hz of the excitation frequency. At higher frequencies
this eﬀect disappears. Hence, the vehicle motion is not considered ad hoc and within the HiL simulation the eﬀects
have to be compensated for with appropriate methods to enhance emulation ﬁdelity.
Secondly, we provide results for the aforementioned sensor issue regarding the HiL system interfaces. We present
how to use system theoretic quantities to detect the eﬀect of sensor placement in the test rig. In this context, usually
energy-based quantities are used. Here, the main idea is to stimulate the specimen and measure the energy at each
coupling point to the test rig frame. This information gives insights which coupling points are sensitive to specimen
excitation, and at which locations additional sensors could be useful. Fig. 5 (a) provides a visualization of the left-hand
side of the MacPherson axle and its respective coupling points to the test rig frame. For the model-based analysis,
the detailed specimen model is linearized around steady-state. In the simulation setup, the axle’s left-hand side is
actuated with idealized actuators by imposing forces and torques in all DOF on the wheel hub. The right hand side is
not actuated. The axle stabilizer connects the left- and right-hand side of the MacPherson axle. During simulation, the
forces and torques at each coupling point are virtually measured. Thereafter, the Hankel singular values for each in-
and output pair are computed. We refer to [20] for more information about Hankel singular values. Fig. 5 (b) shows
the results for the described simulation setup. Here, the maximum Hankel singular values σi,max for each output
quantity are depicted in the bar chart. The simulation results emphasize the diversity of the functions of the respective
joints in the axle. Also, the Hankel singular values indicate where appropriate force sensors could be implemented to
enhance the amount of information of the specimen’s dynamical behavior.
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In the last step of the method, the closed-loop HiL system is analyzed regarding its dynamical equivalence to
the reference system. Simulations of the detailed models of the HiL system as well as of the reference system are
executed. Here, the reference system is approximated by a quarter-car model. Moreover, we focus on the left hand
side of the test rig, only considering the hexapod as the excitation unit. The aforementioned analysis of the structural
simpliﬁcations showed that the eﬀects of the rigid mounting of the axle to the test rig frame have to be compensated
for. This can be achieved by using relative motion quantities between wheel and vehicle body as the target values
for the position-controlled hexapod. Also, it is assumed that the specimen has no inertia properties and the measured
forces and torques at the wheel hub are fed into the vehicle model as the cut forces between vehicle body and wheel.
In this simulation setup the applied assessment quantity is the vertical acceleration of the vehicle body az,B. By
means of the vertical acceleration the vehicle ride comfort can be calculated. It is, amongst others, usually used as
an assessment criteria for the development of active suspension systems [24]. Fig. 6 shows simulation results of an
exemplary testing maneuver for the reference system and the position-controlled HiL system. The results reveal that
high emulation ﬁdelity is achieved. Small deviations are present, but system responses are reasonably close.
4. Conclusion
In this paper we presented a method for the model-based accuracy analysis of complex HiL test rigs, e.g. test rigs
for vehicle axles. The method is based on models of the dynamical behavior of the HiL test rig and its reference
system. The main focus are structural simpliﬁcations of the test rig that normally arise due to system complexity
as well as cost and implementation issues. Their analysis by means of simulations and control theoretic approaches
indicates possible system ﬂaws. This information can be used to develop appropriate compensation techniques to
enhance the dynamical equivalence to the reference system, in other words to increase emulation ﬁdelity. The key
steps of the proposed method were validated by a novel HiL test rig for mechatronic vehicle axles.
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Fig. 6. simulation results of vertical vehicle body accelerations for reference system and position-controlled HiL system.
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